Introduction ! Pathological vertebral fractures (PVF) caused by metastatic disease or myeloma frequently result in intense pain associated with reduced mobility and quality of life. Typical treatment regimens include analgesic drugs, open instrumented surgery, radiotherapy, and chemotherapy. Open and extensive instrumented surgery has disadvantages including higher infection rates, wound healing disturbances, higher blood loss, intense postoperative back pain, slower recovery times, and longer hospital stays compared to minimally invasive approaches [1, 2] . In this respect, minimally invasive procedures might also be beneficial for tumor patients with metastatic disease of the spine. Patients with osteoporotic compression fractures, osteolytic tumors, and bone metastasis have already been treated with minimally invasive, percutaneous augmentation techniques such as vertebroplasty and conventional balloon kyphoplasty [3 -6] . The main principle of conventional balloon kyphoplasty is to create a steady void inside a fractured vertebral body to be filled with bone cement after removing the balloon, which is possible in osteoporotic compression fractures. In contrast, the soft tumor tissue in PVF is supposed to recollapse after removal of the initially inflated and then reduced balloon so that a steady void is not left behind ( • " Fig. 1a, b) . Thus, the procedure results in a common vertebroplasty ( • " Fig. 1c ). In this context, the injected cement follows the path of least resistance in an uncontrolled manner. A promising solution for this problem may be provided by a modified kyphoplasty technique named vesselplasty that was initially introduced for the treatment of osteoporotic compression fractures [7 -9]. In vesselplasty, a non-stretchable balloon with small pores is introduced into the vertebral body and inflated by injecting viscous bone cement into the balloon itself. This prevents a recollapse of the soft tumor tissue. Intended cement penetration through the small pores of the balloon provides for interdigitation with the surrounding spongious bone. The filled vesselplasty balloon is left as an expanded vertebral body implant ( • " Fig. 2 ). Vesselplasty was reported to be effective in the therapy of osteoporotic compression fractures (evidence grade III) [7 -9]. The present study evaluates the safety and effectiveness of the new concept of percutaneous vesselplasty for the treatment of PVF in selected tumor patients.
METHODS

!
Patient selection
Patients admitted to our department with tumorous disease of the thoracic and lumbar spine between March 2009 and April 2010 were considered suitable for vesselplasty if the criteria shown in • " Table 1 applied. The conducted operations are summarized in • " Fig. 3 . After surgical treatment, the patients were presented to the oncologist/radiotherapist for adjuvant chemotherapy/radiotherapy. The local ethics committee approved the study. Informed consent was obtained from the patients.
Procedure
All vesselplasty procedures were performed using the Vessel-X ® Bone Filling Container System (MAXXSPINE, Bad Schwalbach, Fig. 1 Conventional balloon kyphoplasty a, b and vertebroplasty c in PVF. Schematic drawings have been superimposed on the same axial CT slice to illustrate the following assumptions: in conventional balloon kyphoplasty, removing the inflated balloon a from pathological vertebral fractures (PVF) might result in a recollapse of the surrounding soft tumor tissue and might not leave behind a steady void (b, black area). Thus, the injected cement would follow the path of least resistance in an uncontrolled manner (b, arrows) and may leak through vertebral wall deficiencies. Similarly in vertebroplasty c, the cement is injected in the soft tumor tissue in an uncontrolled manner. Germany). Each patient was placed in the prone position under general anesthesia. A Jamshidi needle (10-gauge) was inserted through the pedicle of the fractured vertebra under C-arm fluoroscopy monitoring and advanced into the fractured body until its tip just crossed the posterior wall by about 3 mm. After installation of the cannula tube ( • " Fig. 2a ), a manual drill was used to forge a path through the vertebral body ( • " Fig. 2b ). After removal of the drill, the reduced vesselplasty balloon was inserted through the canal into the vertebral body, while being sure to fixate the tip and/or the connecting device of the deflated balloon in firm bony structures of the vertebra ( • " Fig. 2c ). The cement delivery system was connected, and the prepared bone cement (SpinePlex ® , Stryker, Duisburg, Germany) was progressively injected into the vesselplasty balloon ( • " Fig. 2d ) that is provided with numerous small pores with a size of 100 µm. The cement filling procedure (2 -3 ml per balloon) was performed under fluoroscopic guidance and continued until an adequate expansion of the vesselplasty balloon and an intended cement penetration through the pores was achieved for interdigitation with the surrounding spongious bone ( • " Fig. 2e ). Thereafter, the expanded vesselplasty balloon was disconnected from the introducer ( • " Fig. 2e ), and the instruments were removed leaving behind the filled and expanded vesselplasty balloon in the vertebral body ( • " Fig. 2f ).
We used a bipedicular approach in eight PVFs and a unipedicular approach in two PVFs, depending on the individual anatomical condition. In one patient with a large unilateral tumor and an intraspinal tumor extent of 73 % (see below, Radiographic assessment), we implanted two balloons via a unipedicular approach during minimally invasive decompression surgery. f Corresponding postoperative result of the treated vertebra. After the universal cannula tube a is installed and a path is forged through the vertebral body with a manual drill b, the vesselplasty balloon is introduced in a deflated configuration c. The tip and/or the connecting device are fixated in firm bony structures for tight hold (c, dashed circles). While inflating the porous balloon with cement d, the intended cement penetration through the small pores contributes to interdigitation with the surrounding bone e, f. The expanded balloon is disconnected at the connecting device (which is anchored to the bone) and left as a vertebral body implant e, f. 
Data collection
We collected the clinical characteristics of each patient such as age, sex, primary tumor, and level of the PVF ( • " Table 2) as well as technical details of the operation ( • " Fig. 3 ). Data regarding complications of the operation including cement leakage, infection, bleeding, neural compression or following operations were also collected. The patients' subjective condition before and 3 months after the operation was obtained with the Oswestry Disability Index (ODI), the visual analog scale (VAS) with a range of 0 -10 (0: no pain; 10: worst possible pain), and the Short Form 36 Health Survey (SF-36) to assess levels of pain, body function, and quality of life before and after the procedure. To evaluate patient satisfaction with the postoperative result, the Patient Satisfaction Index (PSI) was applied at the 3-month follow-up [10] . The PSI is a modified subitem of the North American Spine Society outcome questionnaire. It is scored as follows: 1) "Surgery met my expectations"; 2) "I did not improve as much as I had hoped but I would undergo the same operation for the same results"; 3) "Surgery helped but I would not undergo the same operation for the same results"; and 4) "I am the same or worse as compared to before surgery". Questionnaires, fluoroscopy and CT scans of the treated and adjacent levels were obtained preoperatively and with a minimum 3month follow-up. The mean follow-up was 23.3 weeks. All patients were alive at the time of follow-up.
Radiographic assessment
Preoperative thin-sliced CT scans were available in all patients. We determined the extent of posterior wall deficiency in coronal reconstructed CT slices through the posterior wall by calculating the percentage of hypodense areas divided by the total area of the posterior wall ( • " Fig. 4a ). We measured a mean posterior wall defi- Fig. 5 ). Consequently, two of these underwent vesselplasty with concomitant minimally invasive decompression surgery. In this subgroup of palliative patients without severe neurological deficits, we did not perform decompression surgery in the third patient due to the underlying renal cell carcinoma, which typically results in higher intraoperative morbidity [11] . Correlation analysis showed that a higher posterior wall deficiency was a significant predictor for a higher extent of intraspinal tumor (R 2 = 0.478, p = 0.018) ( • " Fig. 5 ).
Postoperative CT scans at follow-up were used to assess cement leakages and new vertebral fractures. The degree of kyphosis and vertebral body height were measured in CT scans for lack of fluoroscopies. The degree of kyphosis was assessed by measuring the angle from the superior endplate of the vertebral body above the treated PVF to the inferior endplate of the vertebral body below. Vertebral body height was measured according to Flors et al.
[9] using digital calipers in the anterior, central, and posterior portions of the vertebral body.
Statistical analysis
Differences in the mean levels of pain, body function, and quality of life as well as vertebral body height and kyphotic angle before and after the procedure were compared with the paired, twotailed Student's t-test. Pearson's correlation was used for regression analysis to evaluate the relationship between posterior wall Fig. 4) . A favorable radiological outcome is shown in • " Fig. 6b . All patients reported pain relief postoperatively ( • " Fig. 7 , • " Table 3 ).
6/9 patients (66.7 %) had no additional fractures at 3-month follow-up. 1/9 patients (11.1 %) showed a new remote vertebral body fracture. 2/9 patients (22.2 %) showed a further collapse of the treated vertebra. One of the latter patients had no symptoms at all and needed no further operative treatment until now. The other patient redeveloped local pain without any neurological deficit and underwent minimally invasive stabilization via fixateur interne 120 days after the first operation leading to a satisfying outcome again. No adjacent vertebra collapse was revealed in any patient. The average decrease in vertebral body height after vesselplasty was 1.0 ± 2.0 mm in the anterior portion, 0.4 ± 1.1 mm in the central portion, and 0.5 ± 1.0 mm in the posterior portion without showing any significant difference. Despite vesselplasty, kyphotic angulation increased significantly by 2.3 ± 3.9°(p = 0.043).
Questionnaires
The mean VAS pain score improved significantly by 46 % (p < 0.05) Fig. 7 , • " Table 3 ). The bodily pain domain of the SF-36 showed a numeric improvement (p = 0.062) ( • " Fig. 8 , • " Table 3 ).
The ODI scores as a measurement of body function decreased statistically significantly after treatment (p < 0.05) ( • " Fig. 9 , • " Ta- Table 3 ). The social function of the SF-36 yielded a numeric improvement (p = 0.057). All other scores of the SF-36 showed numeric improvement without reaching statistical significance ( • " Fig. 8 , • " Table 3 ).
The PSI as an evaluation of patient satisfaction with the postoperative result yielded the following answers: 4 × 1, 3 × 2, and 1 × 4 (n = 8 patients). " Table 1 ).Three patients treated with vesselplasty presented with extensive tumorous destruction of the vertebra including pedicles and facet joints leading to segmental instability that necessitated stabilization of both the anterior and posterior aspect of the spine. Therefore, these patients were concomitantly treated with minimally invasive stabilization via fixateur interne ranging from the vertebra above the PVF to the vertebra below the PVF. 
Discussion
!
Patients with PVF admitted to our department had been previously excluded from primary radiotherapy according to the "wait and watch" policy. They experienced extensive restrictions in daily activities prior to treatment. Of these, the patients selected for vesselplasty represent a further subgroup ( • " Table 1 ).
Surgical stabilization of the fractured vertebra for pain relief has to be as gentle as possible on these patients [3, 12] . Percutaneous augmentation techniques are a promising and least invasive approach for stabilizing the ventral column of the fractured segment. We considered vesselplasty as the most appropriate treatment method for the selected patients with PVF and superior to vertebroplasty and conventional balloon kyphoplasty due to vast destruction of the vertebra and deficiencies of the posterior wall. Three patients were treated primarily with vesselplasty and concomitant minimally invasive stabilization via fixateur interne. These patients showed extensive tumorous destruction of the vertebra including pedicles and facet joints leading to instability of the spine. Stabilization both of the ventral and dorsal aspect of the affected segment was necessitated to warrant safe mobiliza-tion of these patients without a corset. Even more than in a curative situation, we aimed to be as minimally invasive as possible in this subgroup of patients with a reduced general condition. In this respect, vesselplasty was used for stabilization of the ventral aspect of the spine instead of vertebral body replacement (which we would have preferred in a curative situation). For stabilization of the dorsal aspect of the spine, a percutaneous, minimally invasive dorsal fixateur interne was used. Minimally invasive techniques were shown to be beneficial in consideration of wound healing disturbances, infection rates, blood loss during surgery, recovery time after surgery, and duration of the hospital stay [1, 2]. All of these aspects gain importance for tumor patients with limited life expectancy.
Clinical outcome
There are very few, only non-randomized reports on the efficacy and safety of kyphoplasty in PVF. Several studies found a significant improvement in pain and body function after vertebroplasty and kyphoplasty in PVF [4, 12 -15] . These results are in line with our results with vesselplasty ( • " Fig. 7 -9, • " Table 3) , which demonstrated significant improvement in the VAS from pre-to post- showing no improvement in the use of analgesics or mobility. In comparison, our patients stated pain relief of 46 % (VAS). Moreover, the functional outcome was significantly improved in the ODI, the physical function domain and the physical component summary of the SF-36. Pain and function were also improved in the subgroup of patients with vesselplasty alone, i. e., without additional stabilization via fixateur interne (n = 6, p < 0.05, data not shown). With improvement in pain and function, the social function (SF-36) also improved, but without being significant (p = 0.057). Interestingly, no significant improvement in the general health domain of the SF-36 was found, which is a previously described phenomenon and may reflect progression of the primary malignant disease [13] .
Cement leakage
Percutaneous delivery of cement into a fractured vertebra carries the risk of extensive cement leakages, especially in vertebroplasty [16 -18] . The specific advantage of balloon kyphoplasty and vesselplasty in particular is presumed to be safer bone cement delivery with a lower cement leakage rate [13] . Flors et al.
[9] used vesselplasty in 32 osteoporotic/traumatic vertebral fractures and 5 PVFs and reported one intradiscal cement The regression line displays the statistically significant correlation (p < 0.05) between these two characteristics. The PVF with an epidural cement leakage and the highest posterior wall deficiency is encircled (see also • " Fig. 4a, b) . leakage (2.7 %) without clinical repercussion. However, they neither specified the radiographic assessment (CT or fluoroscopy) nor the subgroup in which the leakage occurred. The incidence of cement leakage in osteoporotic compression fractures has been reported in up to 81 % with vertebroplasty [19] and in up to 21.8 % with conventional balloon kyphoplasty [20] . Mendel et al. [4] reviewed 28 articles using vertebroplasty and 12 articles using conventional balloon kyphoplasty in PVF. They reported an incidence of cement leakage in 9.2 % to 139 % with vertebroplasty and 0 -26.3 % with conventional balloon kyphoplasty. In this context, multiple cement leakage areas per treated vertebra resulted in an incidence of more than 100 %. The authors summarized that vertebroplasty entailed a 4 times higher cement leakage rate and more often caused symptomatic cement leakages requiring surgical decompression compared to conventional balloon kyphoplasty in PVF. Interestingly, cement leakage does not depend on the etiology of PVF, e. g. myeloma vs. metastasis [13] . The advantage of balloon kyphoplasty was attributed to the greater viscosity of the cement and the creation of a cavity allowing cement delivery with lower pressure [21] . We assume that in the case of soft tumor tissue in PVF, the creation of a steady void is unlikely. Soft tumor tissue is supposed to recollapse after removal of the initially inflated and then reduced balloon so that a steady void is not left behind ( • " Fig. 1a, b) . Thus, the procedure results in a common vertebroplasty ( • " Fig. 1c) .
Therefore, the injected cement follows the path of least resistance in an uncontrolled manner ( • " Fig. 1) . In contrast, the reduced vesselplasty balloon is filled with bone cement itself and consequently creates a steady cement augmentation in the tumorous destructed vertebra ( • " Fig. 2 ). This prevents a recollapse of the soft tumor tissue. At first glance, the incidence of cement leakage in 6/11 (54.5 %) treated PVFs in our study appears surprisingly high and conflicts with the abovementioned advantages of vesselplasty. It is noteworthy that 81.8 % of the treated vertebras had deficiencies of the posterior wall of at least 30 % ( • " Fig. 4a, 5) . Moreover, the anterior and lateral cortex of the fractured vertebra also showed wall deficiency to a considerable extent ( • " Fig. 6a ). We observed that ce-ment leaked typically through a cortex with broken wall integrity ( • " Fig. 4b, d ). In PVF with wall deficiency, conventional balloon kyphoplasty was judged unsuitable due to the risk of extruding wall fragments or tumor into the canal by the inflation of the balloon [15] . Though other authors performed conventional balloon kyphoplasty in PVF with wall deficiency, they did not dwell on the extent of wall deficiency and the PVF did not show intraspinal tumor involvement [12, 22] . Cement leakage rates in these studies were 4.7 % assessed in fluoroscopy [12] and 37.5 % assessed in CT [22] . Saliou et al. [23] performed vertebroplasty explicitly in PVF with posterior wall deficiency and intraspinal tumor involvement and reported an incidence of cement leakage of 117 % (implying multiple cement leakage areas per treated PVF). In this respect, the complication rate of cement delivery in PVF is higher than in osteoporotic compression fractures [24 -26] .
Another crucial aspect is that postoperative detection of cement leakage is underestimated in fluoroscopy compared to CT [19] . A study on the detection of leakages showed 1.1 leakages per vertebra on CT and only in one-third of vertebras on lateral fluoro-scopy [27] . Thus, studies solely using fluoroscopy [21, 28] could show false lower cement leakage rates in comparison with our study using CT. Intraoperatively, however, CT is not an adequate imaging modality, as it does not provide real-time imaging.
Symptomatic cement leakage
All nine patients experienced pain relief postoperatively ( • " Fig. 7 , • " Table 3 ). However, we cannot exclude that intradiscal cement leakage in three patients contributed to residual back pain. Except for this uncertainty, no cement leakage was symptomatic. Available studies with higher numbers reported up to 13.5 % symptomatic cement leakages in PVF (e. g. with radicular pain or neurological deficits) necessitating decompression surgery in up to 5 % in vertebroplasty [4, 24] , while there were none in conventional balloon kyphoplasty [4, 13] . We also did not observe any neurologic deterioration, e. g. by further tumor dislocation through posterior wall deficiencies. But we strongly consider and advise concomitant decompression of the spinal canal if the extent of intraspinal tumor is greater than 60 %. In one patient with a large extent of intraspinal tumor, however, we refrained from decompression surgery due to a highly vascularized PVF (metastasis of a renal cell carcinoma). Nevertheless, this patient was neurologically unimpaired postoperatively.
Vertebral body height and pathological kyphosis
In contrast to osteoporotic fractures, restoring vertebral body height and correcting pathological kyphosis had no priority in our subgroup of palliative tumor patients with PVF.
Other authors reported an average increase in vertebral body height of about half a millimeter in the case of vesselplasty [9] or conventional balloon kyphoplasty [29] and an initial reduction of the kyphotic angle by 0.9° [29] . Furthermore, the initial restoration of vertebral height and the correction of pathological kyphosis returned to preoperative levels one year or longer after conventional balloon kyphoplasty in PVF [14, 15, 21, 29] . Like other authors [29] , we consider these slight changes clinically irrelevant in palliative tumor patients.
Medical complications
Medical complications due to vertebral augmentation procedures are diverse and involve adverse reactions to bone cement, anaphylaxis, hypotension during surgery, pneumothorax, pulmonary embolism, epidural hematoma, arterial injury, anterior spinal artery syndrome, and death [30 -32] . Pulmonary embolism caused by cement emboli is a known complication in vertebral augmentation techniques [32] . Barragán-Campos et al. [25] reported pulmonary embolism in 1.7 % of cases with a mortality of 0.8 % for vertebroplasty in PVF. Bouza et al. [13] reported no pulmonary embolism for kyphoplasty in PVF. Mendel et al. [4] reported in their review a medical complication rate of 1.3 % (0 -7.1 %) for vertebroplasty and 0.3 % (0 -0.5 %) for kyphoplasty in PVF. We observed no symptomatic operation-associated or medical complications in our study using vesselplasty in eleven PVFs.
New vertebral body fractures during follow-up
We observed no adjacent vertebra fracture after vesselplasty in a relatively short observation period, but 1/9 patients with a new remote fracture and 2/9 patients with a new collapse of the treated vertebra.
One of the latter patients had no symptoms at all and needed no further operative treatment until now. The other patient redeveloped local pain without any neurological deficit and underwent minimally invasive stabilization via dorsal fixateur interne 120 days after the first operation leading to a satisfying outcome again. Critically reviewing the case of this patient, we regard the new collapse of the treated vertebra as an application error. With our current experience, we would have treated the patient initially with vesselplasty and concomitant dorsal stabilization via fixateur interne due to extensive bony destruction of the fractured vertebra including a pedicle with consequent instability of the spine. Two studies by Pflugmacher et al. [29, 33] evaluated kyphoplasty for PVF due to metastases with a two-year follow-up [29] and multiple myeloma with a one-year follow-up [33] . Both studies comprise 147 procedures and showed adjacent fractures in 7.1 % of the patients (6/85) requiring operative correction in half of the patients.
Conclusion ! Vertebroplasty and conventional balloon kyphoplasty are currently used to treat PVF with varying success concerning clinical outcome and complication rate. Especially in PVF with extensive posterior wall deficiency, conventional augmentation techniques encounter difficulties with respect to the feasibility of controlled cement delivery. From our preliminary results, vesselplasty as new minimally invasive technique appears to be a reliable and effective treatment option for selected patients with PVF, especially in the case of wall deficiencies. In awareness of the limitations of our study (absence of a control group, retrospective design, limited numbers, short follow-up), prospective, randomized studies comparing vesselplasty with other augmentation techniques in PVF are required to define the roles of these treatment options in spine surgery. 
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